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I. INTRODUCTION

[l o

An optical correlator using matched filters in a VanderLugt arrangement
- has been demonstrated to be useful for target discrimination and tracking.
Since the Fourier transform is not invariant to rotation and magnification
(scale change), an optical correlator, useful for target discrimination and
- tracking, must contain within its memory (the matched filter/s) a very large
o number of target pictures from many different orientations and at many
) different magnifications. One method of making and addressing multiple

X matched filters in an optical correlator is the hololens developed by Liu
5@5 and Duthiel2], Gregoryf3] tested a 5x5 hololens produced by Liu and showed
gS‘ N that it was possible, using triple exposures of cach of the 25 Fourier trans-
fsy forms, to address 73 matched filters in real time. The weak elements in the

~ hololens array were found to correspond to the weak (or the missing two)

( correlations. Thus, as would be expected, the general quality of the holo-
'J\: lens is extremely important in the optical storage and retrieval.

i; H. K. Liu of LUMIN, Inc. produced and delivered to the Research

Ky Directorate in December 1984, two examples of a 7x7 hololens. This hololens

o almost doubles the potential storage capacity of the 5x5 hololens mentioned
® above. The purpose of this research was to test the 7x7 hololenses in order
L to determine their suitability for use in an optical correlator.

3

;:;: Recently, the Research Directorate received samples of a new phase re-

‘ni- cording media - DMP 128 developed by Polaroid Corporation. This material

‘P appears to have several advantages over dichromated gelatin, most notable of
which is a greater diffraction efficiency. Several preliminary samples of

DK DMP 128 hololenses were available for comparison with the LUMIN hololenses

:::: produced by H. K. Liu.
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II. TECHNICAL DISCUSSION
A. Experimental Arrangement

The experimental arrangement for all measurements is shown in
Figure 1. An Aerotech 15 mw He/Ne laser was spatially filtered using a
10 micron aperture at the focal point of a 20/0.4 microscope objective. A
390 mm focal length, 55 mm diameter, cemented doublet yielded a reasonably
uniform, collimated beam about 50 mm in diameter. The hololenses were
located approximately one focal length behind the collimating lens and a
variable diaphragm between the two was used to limit the beam diameter to
less than the diameter of the hololenses. The screen/photoplate holder
could ke moved to any position along the optic axis (z direction) and fine
screws allowed adjustment in the horizomtal (x direction) and vertical (y
direction) over a range of 20 mm. An electronic shutter allowed timing for
photographs.

L D H P
7 SF I
LASER l
I 1
| L i L -

Figure 1. Experimental arrangement: S = shutter, SF = spatial filter,
L = collimating lens, D = diaphragm, H = hololens,
P photoplate or screen.

The LUMIN dichromated gelatin hololenses were stored in a
dessicator when not in use and the temperature and relative humidity of the
laboratory were recorded on each day that testing was done.

B. Focal Length (fg)

The focal length of each hololens was measured at least three times
on separate days. A Ronchi ruling of 4.05 lines per millimeter was placed
in the collimated beam just in front of the hololens. The Fourier transform,
formed in the focal plane of the hololens, cconsisted of three bright dots
(n = 0, 1) plus much weaker higher orders. The screen was moved back and
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forth until the Fourier transform at each of the 7x7 positions appeared as
three, very discreet, dots when viewed through a magnifying glass.

C. 1Image Diffraction Angle (8) and Element Spacing (ap)

With a diameter of 10 mm, the incident beam filled a reasonable
portion of the LUMIN hololenses and yielded a very small Airy disc pattern
(theoretical first minimum = 1.5 micron) at the focal point. Thus, each
Fourier transform in the focal plane consisted of a tiny dot. The main
beam (n = 0) and the first diffraction maximum (n = 1), consisting of at least
7x7 elements, was recorded on 4x5 Kodak type 649F photographic plates in the
focal plane. The image spacings (ay) and the distance between the center of
the main beam and the center of the 7x7 array (x) were measured on the devel-
oped photographic plate. The diffraction angle was calculated from

6 = tan~! (x/fp)

Since the image spacing is uniform, the measured image spacing is the average
over 8 or 10 elements. These measurements were made with the serial numbered
surface facing both toward and away from the incident beam, and the two
measurements agreed within experimental error.

D. Diffraction Efficiency

Calling the main beam n = 0 and the 7x7 array n = +1, with the
laboratory darkened it was possible to see and measure the n = 0, %1, and
+2 diffraction orders for each LUMIN hololens. A Newport Model 815 Power
Meter calibrated at 633 nm was used for all power measurements. The diameter
of the Model 815 photodetector is 10 mm, the same as the diameter of the
incident beam. With the detector located about 80 mm behind the hololens,
the n = 1 and +2 beams filled the detector. The diffraction efficiency of
any order is defined as the power diffracted into that order divided by the
incident power (hololens removed from the incident beam) expressed as a per-
centage. Since the n = +2 order contained less than one percent of the
incident power, it may be assumed that any power not diffracted into the
n =0, £1, +2 is either reflected or absorbed by the hololens. Thus, the
incident power absorbed/reflected is obtained by summing the power diffracted
into the four orders and dividing by the incident power. It is detailed in
the next section, but should be noted here, that a very significant portion
of the power diffracted into the n = +1 order lies in elements outside the
7x7 array.

As may be seen from the data in Section III of this report, the
diffraction efficiency of the two hololenses is quite different. S/N 04983-1
has a low efficiency, comparable to the 5x5 hololens tested by Gregory[3],
while S/N 04983-7 has about three times that efficiency. Diffraction
efficiencies were measured with the hololens serial numbers both toward and
away from the incident beam. These measurements, however, were not signi-
ficantly different.
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E. Power Distribution Among the Orders

Power distribution among the orders was measured with the Model 815
photodetector covered by an opaque mask with a 0.85 mm hole drilled in the
center. The masked detector was taped to a glass plate which could be moved
in the x and y directions of the focal plane over the travel of the fine
pitch screw (about 20 mm). Absolute power readings were obtained by moving
the detector in the x-y plane until a maximum reading on the power meter was
obtained. The repeatability of these readings was checked several times
before, during, and after recording. Power readings were extended beyond
the 7x7 array where possible to indicate the large amount of power contained
in elements outside the 7x7 array. The absolute power readings were then
divided by the maximum reading (the center or 4/4 element in all cases) and
multiplying by 100 to obtain the normalized power readings displayed in
Tables 1 through 4 of Section III. Power readings were made with the S/N
facing both toward and away from the incident beam.

When comparing the data of Table 1 with Table 2 it is important to
realize that the tables show elements in their proper orientation from the
viewpoint of the incident beam. When the hololens is turned 180 degrees
about the Z axis, the main array (n = +1) goes from left to right. Thus,
for example, the second row second column element in Table 1 should correspond
most closely with the second row fifth column element of Table 2. The fact
that this agreement is not exact may be due, in part, to the angular depen-
dence noted in the next section. P is the average normalized power over the
7x7 array only, and ¢ is the standard deviation.

The data in Tables 1 through 4, when compared with Gregory's[3]
Table 3, indicate that the 7x7 hololens has nowhere near the uniformity of
the 5x5 hololens. In fact, the weakest elements in the 5x5 hololens have a
normalized power almost double the average normalized power of the 7x7 holo-
lens. It is certainly interesting that the average normalized power (P) and
the standard deviation (¢) are almost equal for both 7x7 hololenses. Tables
1 and 2 also indicate why hololens S/N 04983-1 appeared visually tc be an
8x8 or 9x9 hololens. Many of the elements outside the 7x7 are hardly dimin-
ished from their nearest neighbors.

F. Angular Dependence

LUMIN hololens S/N 04983-7 exhibited an interesting angular depen-
dence which was not apparent with S/N 04983-1. As the hololens was rotated
about the y axis, the intensity of the elements in the array varied consider-
ably. This intensity variation was found to be different depending on the
orientation of the hololens relative to the incident beam. Since the position
of the array in the x - y plane was constant as the hololens was rotated

about the y axis, it was possible to make power measurements as a function of
angle.

The Model 815 photodiode was positioned in the focal plane such that
its 1 cm diameter active portion contained approximately 19 of the elements
in the center of the 7x7 array. The hololens was then rotated about the y
axis and power was recorded at one-degree increments. This was done with the
S/N facing both toward and away from the incident beam (see Figures 2 and 3).
In Figures 2 and 3, zero degrees corresponds to the plane of the hololens
normal to the incident beam.
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1.7

3.0

3.8

5.1

0.4

0.4

0.8

1.3

1.3

1.7

0.8

0.4

0.4

- N——

5.9

0.8

TABLE 1. Normalized Power Distribution Among the Elements of
LUMIN HOLOLENS S/N 04983-1 with S/N Toward the Incident
Beam. P = 20.2 mw, 0 = 17.8 mw
6.5 20.0 14.0 28.5 12.3 13. 8.5
10.2 28.9 16.6 40.4 10.2 12. 7.7
12.8 17.4 28.5 41.7 23.0 8. 6.0
21.3 38.3 16.2 100 40.0 34. 11.1
13.6 16.6 15.7 40.9 25.1 11. 6.0
11.9 28.9 16.2 38.3 11.1 17. 7.7
8.9 20.0 6.8 29.4 11.5 13. 10.2
2.1 4.7 5.5 11.1 6.8 5. 2.1
TABLE 2. Normalized Power Distribution Among the Elements
of LUMIN HOLOLENS S/N 04983-1 with S/N Away From
the Incident Beam P = 20.5 mw, ¢ = 17.8 mw
1.7 2.5 4.6 2.9 2.1 0.8 0.4
3.4 6.3 9.2 22.3 13.9 13.0 4.2
3.8 10.5 16.0 42.9 22.7 23.9 8.0
3.8 12.6 22.7 55.9 25.2 23.9 10.9
6.3 26.9 42.0 100 44.5 41.6 18.1
4.2 14.3 23.5 55.0 26.5 25.6 11.3
3.8 12.2 16.8 41.6 24.8 25.2 8.8
3.4 3.4 5.9 10.1 24.4 15.1 13.9
0.8 2.1 3.4 5.0 3.4 2.5 0.8
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O TABLE 3. Normalized Power Distribution Among the Elements of
'i:- LUMIN HOLOLENS S/N 04983-7 With S/N Toward the
al Incident Beam P = 18.9 mw, 0 = 16.3 mw

0.7 1.0 1.5 1.8 4.0 2.5 1.8 0.9 0.4
1.3 5.1 11.7 16.2 30.7 12.0 9.4 2.8 1.2
2.2 8.4 12.1 12.3 28.2 12.7 12.1 7.5 1.5
1.2 12.7 9.6 21.3 51.4 18.1 14.1 11.8 1.6
1.9 18.0 16.3 45.6 100 38.4 24.9 21.3 2.8
1.5 14.7 10.3 21.6 52.3 18.6 15.3 12.0 1.3
2.2 9.0 13.0 13.8 30.3 14.2 13.0 7.2 1.3
1.3 5.7 11.8 17.1 38.4 12.6 8.1 3.1 1.2
0.6 0.9 1.2 1.9 4.5 1.8 1.3 0.9 0.3

TABLE 4. Normalized Power Distribution Among the Elements of
LUMIN HOLOLENS S/N 04983-7 With S/N Away From the
Incident Beam P = 18.2 mw, 0 = 16.0 mw

0.8 3.2 9.9 11.8 27.7 15.7 12.3 4.4
1.0 7.3 9.8 11.1 25.3 9.6 10.1 8.6
1.3 11.8 11.1 17.0 50.1 17.5 8.1 13.5
2.4 19.9 18.2 37.4 100 40.6 16.6 18.4
1.2 13.2 13.1 17.8 50.5 18.5 9.8 16.7
1.2 7.9 12.0 14.1 27.4 13.0 13.6 11.5
1.0 3.9 9.9 14.2 39.0 19.6 14.1 6.1
L




L. 28 An an “ab cah Aop dof S .8 B.& E B S8 A A A B b A i A ALl A LA kS diiie i

RELATIVE POWER

10 15
ANGLE - DEGREES

Figure 2. Variation of power with angle hololens
S/N 04983-7 - S/N away from incident
beam.
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Figure 3. Variation of power with angle hololens
S/N 04983-7 with S/N toward incident
beam.
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It is interesting to note that, with the S/N turned away from the
incident beam, maximum power was recorded at slightly greater than 12 degrees,
which agrees quite well with the measured diffraction angle for that hololens.
However, with the S/N turned toward the incident beam, the maximum power was
observed when the hololens was normal to the incident beam.

G. Image Quality

Quantitative measurements of image quality, such as modulation trans-
fer function or point spread, were not done in this research, but some quali-
tative observations help to indicate the utility of the holographic lenses as
elements in an optical correlator. A black 35 mm slide with 6 small, circular

openings arranged in a hexagonal pattern was placed in front of the hololenses.

The 7x7 array of images were recorded on 649 F plates placed just beyond the
focal point. These images, though varying greatly in intensity, appeared to
be of the same quality as those formed by a double convex lens of the same
focal length and diameter as the hololens. 1In addition, the Fourier transform
of the 4.05 lines per mm Ronchi ruling, which was used to accurately determine
the focal point, consisted of very discreet dots about one-half millimeter
apart as would be predicted theoretically.

It would appear that the main problem in using these hololenses as
part of an optical correlator would be the same ones encountered using the
5%x5 hololens - the fact that the image brightness varies so greatly from
element to element.

H. DMP 128 Measurements

Only one of the DMP 128 holographic elements evaluated was actuzlly
a hololens. The others were simple diffraction gratings. Measurements of
focal length, diffraction angle, and diffraction efficiency were made in the
same fashion as described for the LUMIN hololenses. For the other four
elements, only diffraction efficiencies and angles were measured.




III. EXPERIMENTAL RESULTS
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A. Manufacturer's Specifications - LUMIN Hololens S/N 04983-1
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LUMIN 7x7

MODEL - 049 fy = 29 cm
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SERIAL - 04983-1 ag = 2.5 mm
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HOLOLENS 8 = 8°
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Measured Values - LUMIN Hololens S/N 04983-7
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fgy = 21.3 £ 0.3 cm Mounting 66 mm x 87 mm
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ag = 2.52 + 0.02 mm metal frame
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8 =9,6° £ 0.5° Diameter = 18.0 mm
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Incident Power Absorbed/Reflected 19.8 + 0.8%
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Diffraction Efficiency

R
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+1)
-1)
+1)
-1)

S/N Toward Incident Beam 8.2%2 (n
2.7% (n
S/N Away From Incident Beam 6.0%2 (n
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Manufacturer's Specifications - DMP 128 Hololens

LUMIN 7x7

MODEL - 049 fg = 27 cm
SERIAL - 04983-7 ag = 2.5 mm
HOLOLENS 8 = 10°

Measured Values - DMP 128 Diffraction Screen

fg = 20.2 £ 0.2 cm Mounting 51 mm x 61 mm

ay = 2.52 + 0.02 mm metal frame

8 = 13.1° % 0.3° Diameter = 18.5 mm

Incident Power Absorbed/Reflected 16.5 + 0.5%
Diffraction Efficiency
S/N Toward Incident Beam 22.8% (n
1.4% (n =

diffraction into n = +2 order less than 1%
S/N Away From Incident beam not measured because
of strong angular dependence.
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E. DMP 128 Hololens - no identification number

measured values

fg = 24 cm Mounting 5 cm x 5 cm glass plate
ag = 3.5 mm
8 = 17° Diameter 5 mm

Incident Power Absorbed/Reflected 147%

Diffraction Efficiency 7% (n = +1)
3% (n = -1)

This hololens is strongest in the 3x3 array but it is fairly strong ia 5x5
and moderately strong in 6x6.

F. DMP 128 Diffraction Screen - ID # 4-29-86-1

measured values Mounting 5 cm x 5 cm glass plate

fg = none Diameter = 5 mm

Immediately behind the diffraction screen the 5 mm diameter laser beam is
diffracted into four orders: n = +2, +1, 0, and -1. The n = 2 looks like
a 3x3 array of dots which seem to be sharpest at about 2 cm. The n = +1
looks like a 3x3 array, much more intense than the n = +2, with moderately
intense 5x5. The n = +1 is sharpest at about 3.5 cm. Diffraction
efficiency of n = +1 is 27%. The elements of these arrays are unaffected,
except in intensity, by insertion of the Ronchi ruling. The n = 0 and

n = -1 are not divided into elements. Diffraction efficiency of n = 0 is
33% and the diffraction efficiency of n = -1 is 11%.

G. Three DMP Diffraction Gratings - ID # 46
measured values
fg = none Mounting 5 cm x 5 cm glass plate
Diameter 9 mm
All three gratings behave more or less the same. They absorb/reflect

about 28% of the incident power and diffract the beam into four orders with
angles and diffraction efficiencies listed below:

(n=-1) 8 = -20° 6%
(n = 0) 8 = 0° 15%
(n = +1) 6 = +20° 467
(n = +2) 8 = +42° 4%
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These four orders are not divided into arrays of elements nor do they have
any focal point.

Iv. CONCLUSIONS

The LUMIN hololenses form Fourier Transforms and images of good quality,
but the power distribution among elements is extremely non-uniform. The

; diffraction efficiency of the two lenses tested are quite different, but
Eg Hololens S/N 04983-7 shows that hololenses of much greater diffraction
) efficiency may be made in dichoromated gelatin. The only DMP-128 hololens
) tested had a very low diffraction efficiency, but some samples of DMP 128
& diffraction gratings show that diffraction efficiencies higher than
- ‘ dichromated gelatin are possible.
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